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Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is applied to the study of four samples of
opaque glass of Late Bronze Age date. The technique is uniquely capable of identifying compositional
heterogeneity at a sub-micron resolution within the crystalline opaciﬁers dispersed through homoge-
neous glass matrices. It is shown that this provides crucial information on the possible raw ingredients of
the opacifying inclusions used, and has the potential for highlighting regional variations in the
production technology involved in creating different colours of opaque glass.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
The chemical analysis of ancient glass has received much
attention in recent years, most notably with regard to assessing the
provenance and production technology of the earliest glasses,
dating to the Late Bronze Age and found inMesopotamia, Egypt and
Mycenaean Greece (Mass et al., 2002; Nikita and Henderson, 2006;
Shortland and Eremin, 2006; Tanimoto and Rehren, 2008; Smirniou
and Rehren, 2011). Recent isotopic and trace element work
(Shortland et al., 2007; Walton et al., 2009; Degryse et al., 2010;
Jackson and Nicholson, 2010; Henderson et al., 2010) has addressed
the issue of provenance, but one of the key difﬁculties faced by
glass researchers is that of distinguishing between the chemical
signals imparted by various different raw materials and colourants,
which are generally homogenised in the ﬁnal product. An ex-
ception to this might be found in the analysis of antimony-based
colouranteopaciﬁers, used to produce opaque blue, turquoise,.ac.uk (C.N. Duckworth),
j.m.rutten@mema.keele.ac.uk
 license.green, yellow and white glasses. The minerals used for these are
less abundant in nature than the soda, lime and silica required for
a basic glass melt, and are thus likely to stem from a far more
limited range of geographical origins. Conventional archaeometric
techniques, however, do not have the necessary combination of
sensitivity, speciﬁcity and small analysis volume to determine the
internal chemical heterogeneity of these inclusions.
This article presents the results of Time of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) as a means of determining trace
impurities, combined with their spatial distribution in the study of
Late Bronze Age glass technology. As a surface analytical technique
with high lateral resolution, ToF-SIMS is uniquely capable of iden-
tifying the internal chemical composition of opaciﬁers, offering
clues about their raw ingredients and the production technology of
the glasses. The results presented illustrate the power of the
technique. Given the small number of samples analysed to date, our
interpretations are somewhat tentative at present, but these will
hopefully be augmented in the light of future research.
1.1. ToF-SIMS and ancient glass
The present work may be taken as the continuation of a pilot
study of the use of ToF-SIMS for the analysis of ancient opaque
Table 1
Quantitative electron microprobe results for the samples analysed with ToF-SIMS,
given as percentage oxides. All data except that for the sample from Tell Brak was
gathered using a JEOL JXA-8200 electron microprobe at the Microanalysis research
Facility, Dept. Archaeology, University of Nottingham using a 20 kV accelerating
voltage, 50 nA beam current and a 50 mm defocused beam. The data for Tell Brak
were produced using a Cameca SX50 at the British geological Survey at Keyworth,










SiO2 58.94 62.4 63.81 54.90
Na2O 18.76 16.1 16.04 0.05
CaO 7.22 6.1 6.17 0.36
K2O 4.08 3.7 0.53 0.31
MgO 6.40 7.6 3.05 0.22
Al2O3 1.09 1.9 1.10 0.76
Fe2O3 0.44 0.3 0.90 0.46
TiO2 0.03 nd 0.10 0.17
Sb2O3 3.02 5.5 0.86 0.68
MnO 0.03 0.1 0.68 0.06
CuO 0.02 1 0.38 0.06
CoO nd nd nd nd
SnO nd nd nd nd
PbO 0.03 nd 5.96 1.24
BaO nd nd nd 1.17
SrO nd e 0.01 0.15
V2O3 nd e 0.01 0.23
Cr2O3 0.01 nd 0.01 0.10
NiO nd nd nd 0.04
ZnO 0.01 nd 0.54 0.08
ZrO2 0.01 e 0.01 0.18
As2O3 0.12 0.2 nd 0.13
P2O5 0.14 0.1 0.04 0.27
SO3 0.45 0.4 0.11 0.13
Cl 0.62 0.6 0.75 0.15
Total 101.41 105.9 100.10 61.89
nd ¼ not detected; e ¼ not sought.
a Full publication in preparation by Kalliopi Nikita.
C.N. Duckworth et al. / Journal of Archaeological Science 39 (2012) 2143e21522144glasses initiated by Julian Henderson, Frank Rutten, Martin Roe and
David Briggs (Rutten et al., 2005, 2006, 2009). ToF-SIMS is a variant
of the Static SIMS technique, which uses a pulsed ion beam to
remove molecules from the top few atomic layers of a sample.
These are accelerated through a ﬁeld-free drift tube and their
masses are determined by their ﬂight time. Detailed descriptions of
the theory of ToF-SIMS and the equipment used can be found
elsewhere (Vickerman and Briggs, 2001; Rutten et al., 2009).
Most early archaeological glasses were rendered opaque by the
presence of small (usually 1e10 mm) particulate inclusions within
the otherwise amorphous glass matrix. The shallow depth analysed
by ToF-SIMS allows the composition of individual inclusions to be
determined: because the emitted ions measured originate only
from the top few atomic layers of the sample surface, any partic-
ulate inclusions bisected by the sampling technique will be map-
ped, independent of a contribution from the bulk glass matrix
beneath the inclusions. Although SEM can provide distributional
information, its lower sensitivity (100e1000 times less sensitive
than ToF-SIMS) renders the detection and mapping of trace
elements impossible. ICP-AES and LA-ICP-MS are capable of this
level of sensitivity, but the distributional information is lost as they
destroy a larger volume of the sample during analysis. Similarly,
though detailed images of glass opaciﬁers can be achieved using
a number of techniques the depth penetration of such techniques
can be extensive, so that the glass matrix below an inclusion will
also be included in the result. For example, the considerably less
sensitive SEM has an analysis depth of c. 1e2 mm and the scanning
proton microprobe between c. 15 mm and 50 mm depending on the
composition of the matrix (Jaksic et al., 1992).
ToF-SIMS also allows spectra for the chemical make-up of any
one area within an image to be examined in isolation. The potential
for characterisation of isolated regions within a sample is thus
provided, crucially with the combination of high mass and high
spatial resolution data. Images are presented on a thermographic
intensity scale ranging from black at low or zero intensity through
red, orange and yellow-white at the maximum intensity for any
particular ion. Intensity varies from image to image depending
upon the threshold required to show variation: for comparison,
total ion count (tc) is given below each image presented here.
Of crucial importance is that ToF-SIMS is not only capable of
detecting elemental ions, but also particulate ions consisting of
a number of elements. Peaks for such ions are highly indicative of
the intimate chemical association of these elements and hence
diagnostic for the presence of minerals. For instance, if both Ca and
Sb were present, as (part of) a compound, secondary ions con-
taining both elements would be very much more abundant than if
these were only present as separate elements. Whilst it may not
always be possible to detect what could be naively described as an
inorganic molecular ion (the nominal composition of a mineral),
the presence and relative intensities of multi-element ions are
highly speciﬁc for the mineral under investigation. Current state-
of-the-art cluster primary ion guns, such as the one used in this
study, are exquisitely capable of yielding high intensities of these
informative compound ions.
2. Sample selection and experimental method
2.1. Sample selection and electron microprobe results
Four samples were selected for the present study, all of which
had been analysed previously by quantitative EPMA. The results of
these analyses are summarised in Table 1. Two samples are of
opaque yellow glass, coloured and opaciﬁed by lead antimonate.
The ﬁrst of these was taken from a yellow trail applied to a dark
blue wound bead; it comes from the brieﬂy ﬂourishing 18thDynasty capital founded at Amarna, Egypt and dates to the mid
14th century BC (Duckworth, 2011; 284; sample is Am2). The
second sample of yellow glass, now corroded, was taken from the
decorative pattern applied to the body of a miniature vessel of dark
blue glass. It comes from Thebes in Greece and was found in a rich
burial of late 14th century BC date; the form and the overall
archaeological context suggests that the vessel was imported to
Mycenaean Greece from 18th Dynasty Egypt (Nikita, forthcoming
2012). A sample of opaque white glass coloured and opaciﬁed by
calcium antimonate was obtained from a decorative stripe
impressed onto the matrix of a bead of translucent dark blue glass;
it comes from LeivanateseKokkinonyzes, Greece, and was found in
a burial of late 12th century date. Its compositional features as
determined by EPMA point to a Mesopotamian glass tradition
(Nikita, forthcoming). A ﬁnal sample from Tell Brak, Syria, is of
opaque turquoise glass, coloured and opaciﬁed by calcium antim-
onate and copper; this was taken from an ingot dating to the 14th
century BC (Henderson, 1997, 95e96; sample is Br9, Table 6b) and
has a Sr and Nd isotope signature consistent with a Mesopotamian
origin (Henderson et al., 2010; sample is Brak12).
2.2. Experimental method
The ToF-SIMS instrument used in these analyses is located in the
School of Pharmacy at the University of Nottingham. It is a ToF-
SIMS IV manufactured by ION-TOF GmbH of Münster, Germany,
equipped with a bismuth cluster ion source for spectroscopy and
capable of imaging at a spatial resolution of better than 100 nm. The
reﬂectron ToF mass analyser has a mass resolution in excess of
10,000 m/dm. The basic procedure used here is similar to that
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2009), but some modiﬁcations to the equipment (notably the use
of Biþ and Bi3þ rather than Gaþ primary ions) and operating
procedure are worthy of note.
Samples were mounted in a hot-setting Araldite CY212 resin
(Agar Scientiﬁc). In an initial experiment cold-setting resin was
used, but poly(dimethyl siloxane),PDMS, was found to diffuse from
that particular resin onto the sample surface during ToF-SIMS
analysis, interfering with the spectra generated from the latter.
The resin-mounted samples were ground and polished to 0.5 mm
using diamond paste, and cleaned in a sonic bath using
isopropanol.
In previous experiments (reported in Rutten et al., 2009), the
inclusions analysed had been located using the optical magniﬁca-
tion equipment within the ToF-SIMS apparatus. In order to opti-
mise the selection of suitable areas of interest and minimise the
time spent in locating inclusions, the present study utilised
secondary and back-scattered electron ‘maps’ of various magniﬁ-
cations, created using the rapid imaging modes available with SEM
(using a JEOL 6400 SEM with EDX, located in the Department of
Mechanical, Materials and Manufacturing Engineering, University
of Nottingham). It was thus possible to select from areas with the
most promising inclusions for ToF-SIMS analysis. The mounted
samples were then brieﬂy re-polished with 0.5 mm diamond pol-
ishing solution, cleaned in isopropanol in a sonic bath and wiped
with a lens tissue moistened with high purity hexane, to remove
residual PDMS surface contamination, immediately prior to inser-
tion into the ToF-SIMS vacuum chamber.
Under ToF-SIMS examination, some hydrocarbon contamina-
tion also occurred with the hot-setting resin, but this could be
removed sufﬁciently by very brieﬂy locally sputter cleaning the
sample with Bi3þ primary ions. When an inclusion was returned to
later during the analysis and a second cleaning was required, a brief
exposure to Biþ ions sufﬁced and minimised the amount of sample
material removed along with any returning contaminants. It was
also found that leaking a small amount of O2 into the vacuum
chamber during exposure to the primary ion beam removed low
intensity, higher mass hydrocarbon peaks from the resultant
spectra. Cleaning was performed by ﬁrst leaking the O2 and then
randomly rastering the primary ion beam over a 300 mm  300 mm
area surrounding the inclusion of interest. The use of a random
raster prevented potential charging due to the intense ion beam
used for the cleaning process.
A combination of Biþ and Bi3þ primary ions was employed for the
acquisition of both spectra and images as indicated. It was found
that the Bi3þ ions were more suited to the identiﬁcation of
compounds, while Biþ is generally preferred for the identiﬁcation
of individual elements. Pulsed low-energy electrons (20 eV) were
used to negate any charging effects due to the primary ion beam
without affecting the surface chemistry.
Both positive and negative ion signals were measured for each
area of interest, in spectral and imaging modes. Although the
positive ion spectrum provides more detailed general information
for the majority of elements and compounds, it was found that the
negative ion signal provides higher intensity data for electronega-
tive elements (notably O, F, Cl) and also for (metal) oxides, here
especially in the case of Sb, Pb and Bi. Past research into antimony
compounds using ToF-SIMS has shown that oxidation state has
a strong inﬂuence on yield, and that negative ion spectra are
generallymore sensitive to oxides (Briggs, 2001; 467). This was also
found to be the case with antimony oxides in the samples of
archaeological glass analysed by Rutten et al. (2009; 975). It must
be noted here that the in-vacuo cleaning procedure used ensures
the surface is in an oxidised state as it would have been prior to
insertion into the vacuum chamber.3. Opaciﬁers in Late Bronze Age glass
The earliest known yellow, white, turquoise opaque blue and
opaque green glasses were all rendered opaque through the addi-
tion of antimony, or antimony-based compounds. Oxides of Sb,
along with Pb in opaque yellow and green, and Ca in opaque white
and blue glasses, form small crystalline inclusions within the bulk
glass matrix which, having a different refractive index to this,
render the glass opaque.
Extensive analysis using conventional archaeometric techniques
has established lead and calcium antimonate as the primary causes
of colour and opacity in these glasses (Turner and Rooksby, 1959;
Brill et al., 1974; Henderson, 2001; 477) but their ultimate prove-
nance is less apparent. Calcium antimonate (Ca2Sb2O7 and
CaSb2O6) does not occur naturally as a mineral, but as noted by
Turner and Rooksby (1959), Sb will react with the calcium already
present in a glass to form crystallites. Henderson (1985, 285), and
more recently Shortland (2002, 522), have suggested that Sb was
deliberately added to the glass melt in the form of a simple
compound such as an oxide or a sulphide. One such possibility is
stibnite (Sb2S3), the primary ore of Sb, which occurs quite widely in
sulphide deposits associated with Pb, Ag and Au ores (Shortland,
2000; 50). The addition of Cu at some stage in the production
process led to the production of opaque turquoise and light to
medium blue glasses (Mass et al., 2002; 76).
Crystals of lead antimonate (Pb2Sb2O7) are responsible for the
colour and opacity of opaque yellow glass of the Late Bronze Age;
when modiﬁed by the addition of Cu, opaque green glass can be
formed. Brill (1970; 119) suggests that lead antimonate may have
been an article of trade for at least 15 centuries, but no viable natural
sources of this mineral are located in Egypt or Western Asia
(Shortland, 2000; 50). It has been noted, however, that lead
antimonate occurs naturally as bindheimite, Pb2(Sb,Bi)2O6(O,OH),
so an impurity of bismuth in ancient lead antimonate opaciﬁed
glasses might indicate that bindheimite had been used as an opa-
ciﬁer (Henderson, 2001; 477) though at the present stage this is by
nomeans certain, as discussed further below. On the other hand, the
presence of Zn in yellow glasses has been suggested to indicate that
the source of the lead used was the mineral ore galena (PbS),
presumably with signiﬁcant amounts of sphalerite (ZnS) to account
for the Zn (Shortland, 2002, 2003; 524; 191). It has been argued on
the basis of lead isotope analysis thatmost of the Pb in Egyptian lead
antimonate glasses originated from Gebel Zeit on the Red Sea coast
(Shortland, 2002; 523), though data for all Pb ores in Egypt and
Mesopotamia remain incomplete, and the glasses examined were
not entirely consistent with the known ﬁelds for the ore sources.
4. Results
The electron microprobe results given in Table 1 indicate that
these samples belong to the plant ash glass technology typical of
the Near East and Egypt in the mid-second millennium BC. The
relatively high MgO and K2O contents of the Greek sample could
suggest a Mesopotamian provenance: glass would either have been
imported as a ﬁnished object or as ‘rawglass’ to be locally re-melted
(Nikita and Henderson, 2006; 108e9).
4.1. Opaque white glass from LeivanateseKokkinonyzes, Greece
The area examined contained a feathery, dispersed agglomera-
tion of Ca and Sb,whichwasmore concentrated towardswhat could
be interpreted as a centre of crystal growth. A number of smaller,
adjacent inclusions were found to match the chemical composition
of this larger agglomerate.Magnesium,Na, Si andKwere all elevated
in the matrix, in contrast to the Sb and Ca signals, as illustrated in
C.N. Duckworth et al. / Journal of Archaeological Science 39 (2012) 2143e21522146Fig. 1. Aluminium was also present, but the signal for pure Al from
the positive ion spectrum and that for AlO2 from the negative ion
spectrum showed different distributions: the Alþ signal is lower in
the inclusions than in thematrix, whereas the AlO2 signal shows no
preferential distribution. Why this is the case is not clear at present,
but due to theweak signal detected enrichment in thematrix cannot
be fully excluded. Numerous intense peaks identiﬁed as CaxSbOxþ1þ
are only observed for the inclusions and clearly indicate the pres-
ence of chemically bound Ca, Sb and O within these inclusions,
consistent with calcium antimonate.
Following the primary analysis, it was possible to use the raw
data gathered in order to select smaller regions of interest within
the area examined and isolate the high mass resolution signals for
these. This allowed a comparison to be made between the
composition of inclusions and that of the matrix. Fig. 2 displays the
positive secondary ion spectrum generated from the inclusions,
clearly showing the prominence of the aforementioned calcium
antimonate-related peaks. The spectrum for the surrounding
matrix is totally devoid of calcium antimonate peaks. Ca is present
at low levels in the matrix, whereas Sb can barely be detected in
this area. Fe was found to be present at low levels in both areas and
elevated within the inclusions, but could not be imaged at high
spatial resolution due to its proximity to the CaO peak, which can
only be distinguished in the high mass resolution data.
Sulphur was only detected in small quantities, but no peaks
indicative of SbeS compounds were observed. No lead or gold was
detected in this sample. Whilst the presence of silver could not
unequivocally be excluded due to peak interferences, at most this
was present at trace levels. The lack of ions indicative of SbeS
compounds or indeed the detection of even trace levels of Pb, Ag
or Au suggest that either stibnitewas not the source of antimony, or
that it was pre-treated prior to addition to the glass batch, resulting
in the loss of minor impurities.
4.2. Opaque turquoise glass from Tell Brak, Mesopotamia
Investigation using SEM revealed that this sample contained far
fewer inclusions than the sample of opaque white glass. The area
selected for ToF-SIMS analysis contained a large, dispersedFig. 1. Selected maps of positive and negative ions for an 80  80 mm area of the white opaqu
Sodium, K, Mg and Si (not all data shown) are all distributed similarly and are predominantly
in the inclusions, as is F. Chlorine is found equally in inclusions and matrix (data not showagglomerate of inclusions. Its delicate and feathery form is not
dissimilar to that seen for the sample of white opaque glass. As
illustrated in Fig. 3, the inclusion was found to be rich in Ca and Sb,
while the matrix was enriched in Si, Mg, Na and K. Nuclei of crystal
growth can also tentatively be identiﬁed. Al and its oxides were
found to be relatively evenly distributed between inclusions and
matrix, as was the Cu which is responsible for the colouring of this
particular sample.
The selection of regions of interest within the area examined
revealed a similar picture to that for the opaque white glass dis-
cussed above. Whilst there are differences between the spectra for
inclusion and matrix for these samples, they are strikingly similar
in terms of major and minor elements and compounds. This simi-
larity in the relative amounts of many major and minor constitu-
ents for matrix and inclusions, combined with the delicate forms of
the calcium antimonate inclusions in both of these opaciﬁed
samples, could suggest in situ precipitation from the melt: this
seems a likely scenario given that calcium antimony does not occur
naturally. As noted below, future ToF-SIMS analysis of calcium and
lead antimonate glasses reproduced under a range of conditions in
a laboratory will shed further light on the issue of crystal
morphology and precipitation.
4.3. Opaque yellow glass from Thebes, Greece
This sample, along with the other sample of opaque yellow glass
from Amarna discussed below, was found to exhibit a far higher
degree of internal heterogeneity than those opaciﬁed by calcium
antimonate, although in this case some of it appears to result from
corrosion. The EPMA results reveal relatively high levels of BaO
(1.17%) which may have entered the glass through ground water.
Fig. 4 shows a selection of positive and negative ion maps, which
reveal a large (c.25  40 mm), regular, straight-sided inclusion with
clearly deﬁned edges, reminiscent of the appearance of crystal
faces. Some of the edges, however, appear to have been partially
dissolved into the surrounding matrix, perhaps accounting for
a number of much smaller inclusions which are also elevated in Sb
and Pb. The inclusion itself was found to be enriched in Pb and Sb,
and depleted in those elements usually associated with the matrixe sample from LeivanateseKokkinonyzes, Greece (Bi3, total counts denoted in brackets).
found in the matrix. Calcium, Sb and their compound ions are predominantly detected
n). Note that the negative ion images are slightly offset from the positive ion images.
Fig. 2. Positive ion spectrum generated using a region of interest (ROI) for the inclusions shown in Fig. 1. Note that antimony has two isotopes, 121Sb and 123Sb, of similar abundance.
The natural abundance of these elements (121Sb is slightly more abundant) is reﬂected in the mass spectrum of this element, including its compound peaks.
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levels in certain areas within the inclusion. The presence of
elements associated with the matrix within the inclusion may be
taken to suggest its precipitation from the former, but there is no
indication of zoned growth around a nucleus, as might be expected
if the opaciﬁers had precipitated directly and completely from the
melt. Peaks indicating compounds containing Ca and Pb or Sb, or
indeed all three elements (see Fig. 5), cause the opacity and were
not detected for the matrix.
A second heterogeneous feature is visible on the bottom right of
the images in Fig. 4. It can be seen that it is heavily cracked and
therefore weathered: the electron microprobe results conﬁrm that
this is the case (see Table 1). This area is enriched with elements
which are otherwise associated primarily with the matrix, notably
Ca, and K, but also with Pb and F which are otherwise almost
exclusively found in the lead antimonate containing inclusion. As
such, these probably result from post-depositional corrosion. Also
notable is the strong correlation between the distribution of Pb and
F, which is more difﬁcult to interpret.
Two Si-rich areas with poorly deﬁned edges are also visible on
either side of the calcium antimonate-rich inclusion andmay be the
result of devitriﬁcation due either to corrosion or to heat treatmentof the glass during production. Although corrosion has clearly
affected the bulk compositional features of this sample, it is char-
acterised by the depletion of light elements: the high atomic
number opaciﬁers remain unaffected.
4.4. Opaque yellow glass from Amarna, Egypt
The analysed area of this sample contained a cluster of cubic-
form inclusions of corresponding composition, as illustrated in
Fig. 6. They were enriched in Sb, Pb and compounds containing
these elements, as well as ﬂuorine and phosphates. Compound
peaks were detected as for the previous sample for the inclusions
only, but were not quite as intense for the Ca- containing species.
There is no indication of preferential distribution of species within
the inclusions themselves, either irregular (as for the opaque
yellow sample from Thebes) or indicating growth around a nucleus
(as for the calcium antimonate samples). A slightly silica-enriched
area, strongly depleted in other elements associated with the
matrix (note the pronounced contrast in the K and especially Na
maps, but not Ca and Mg), could also be identiﬁed here. In this
sample chlorine is distributed rather homogeneously and would
have been associated with the alkali used to make the glass.
Fig. 3. Selected maps of positive ions for an 80  80 mm area of the turquoise opaque sample from Tell Brak, Syria (Bi3, total counts denoted in brackets). Sodium, K, Mg and Si
(not all data shown) are all distributed similarly and are predominantly found in the matrix. Calcium (*shown here after adding signals for Caþ, CaOþ and CaOHþ), Sb and their
compound ions are predominantly detected in the inclusions. The F signal is slightly stronger for the inclusions, whilst Cl is found equally in inclusions and matrix (data not
shown).
Fig. 4. Positive and negative secondary ion maps for an 80  80 mm area of the corroded, opaque yellow sample from Thebes, Greece (Bi3, total counts denoted in brackets). For Cl,
Sb and Pb and compounds containing these elements, signals for their main isotopes (35,37Cl; 121,123Sb, 206,207,208Pb) have been added to improve the image quality. S denotes added
species.
C.N. Duckworth et al. / Journal of Archaeological Science 39 (2012) 2143e21522148
Fig. 5. Bi3 einduced positive ion spectrum generated from region of interest within the Sb-rich inclusions of the opaque yellow sample from Thebes, Greece.
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Pb, which in this sample is almost fully conﬁned to the inclusions.
Of particular interest are a number of smaller features in the
direct vicinity of the inclusion cluster. Like the inclusions them-
selves, these are enriched in Sb, Pb and Bi, but unlike the inclusions
they are also enriched in Mg and Ca (but not Na or K), even by
comparisonwith thematrix. While Si is present in thematrix ande
to a lesser extent e in the features surrounding the inclusions, it is
almost completely absent from the inclusions themselves. This,
along with the lack of evidence for crystal zoning associated with in
situ growth, could be taken to indicate that the inclusions them-
selves were not precipitated from the melt. Their edges may have
partially dissolved, accounting for the formation of smaller, less
well-deﬁned crystalline inclusions in their immediate vicinity. The
intact nature of the cubic inclusions, however, along with the close
proximity of the smaller features, suggests that the viscosity of the
melt was rather high when formation occurred, and consequently
that the temperature was relatively low.
4.5. Production technology of opaque yellow glass
Regions of interest of the opaque yellow samples were selected
within the areas analysed in order to compare the composition ofthe inclusions with that of the matrices. The high mass resolution
spectra generated indicated that there was no correspondence
between the proportions of elements present in the inclusions and
the matrices in either of the yellow opaque samples. It was found,
however, that Bi and Pb species (isotopes and oxides) were present
in higher quantities in the matrix of the Egyptian sample from
Greece than that from Amarna as is evident from the differing
contrast in the respective ﬁgures. This is consistent with the pres-
ence of a higher number of well dispersed, small inclusions in the
former, and the ragged edges of its larger inclusion.
4.6. Minor and trace elements
It has been suggested that a ‘similar’ ratio of As to Sb in previ-
ously analysed yellow and white opaque glasses (0.006:1 and
0.008:1 respectively) indicates the use of Sb from the same source
in the production of both (Shortland, 2002; 525). The location of As
was thus thoroughly investigated in the present study. Unfortu-
nately, As peaks were often obscured by the presence of other
species of similar mass, including contaminant organic material.
The only ‘clean’ peaks which could be identiﬁed were those for
AsO2. This was found to be present in low quantities in all samples
analysed, as expected, and at slightly higher levels in the two
Fig. 6. Selected maps of positive and negative ions for an 80  80 mm area of the yellow opaque sample from Amarna, Egypt (Bi3, total counts denoted in brackets). For Cl, Sb and Pb
and compounds containing these elements, signals for their main isotopes (35,37Cl; 121,123Sb, 206,207,208Pb) have been added to improve the image quality.
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not with the lead antimonate inclusions, but with the matrix. This
could suggest that the As was brought into the glass not in asso-
ciationwith the opacifying inclusions, but as one of the ingredients
in the matrix material, though more data will be required in order
to test this theory.
The presence of Bi, BiO and BiO2 was also detected in all
samples. Because a Bi ion source was used, the evidence required
careful examination before it could be veriﬁed, particularly because
Bi and Bi3 ions were used to sputter clean the sample prior to
analysis. Indeed, elemental Bi was present across the surface of all
samples analysed, and was not found to be preferentially distrib-
uted. By contrast, its oxides e which are highly unlikely to have
been formed during sputtering e were found to be concentrated
within the inclusions of the two lead antimonate samples, partic-
ularly apparent in the negative ion results. The co-location of Pb, Sb
and BiOx species within these inclusions can be clearly seen in
Fig. 6. Oxides of Bi were present inmuch lower relative quantities in
the calcium antimonate samples and did not reveal strong prefer-
ential distribution between inclusions and matrix.
The isolation of S species proved far more difﬁcult, as their peaks
were found to be rather weak and coincide with those of various
species of O when imaging in high spatial resolution mode (for
example, elemental S was coincident with O2 and HS with O2H).
While this precluded generating meaningful high spatial resolution
images for S, it was possible to produce high mass resolution
spectra and (low spatial resolution) images which sufﬁced to reveal
that S species were associated with the inclusions in the twosamples of opaque yellow glass. A similar situation was encoun-
tered in the isolation of Zn species. It was possible to determine that
Zn in the opaque yellow samples was concentrated in the same
areas as S. Compound peaks for S indicating the possible use of
stibnite, galena or sphalerite could not be detected for any of the
samples investigated here.5. Discussion and conclusions
The white and turquoise opaque glasses coloured and opaciﬁed
with calcium antimonate were found to be signiﬁcantly different
from the two yellow opaque glasses coloured and opaciﬁed by
lead antimonate. In the calcium antimonate opaciﬁed glasses,
the composition of matrix and inclusions is similar, and the
morphology of the inclusions themselves seem to suggest direct
precipitation from the melt. However, in the two lead antimonate
opaciﬁed samples the composition of the inclusions was found to
be signiﬁcantly different from that of thematrix, and it appears that
the added ingredients have not been fully incorporated into the
glassmelt, but have retained some of their original morphology and
chemistry. This is an important point, because it indicates that the
internal chemistry of these inclusions is directly related to that of
whatever raw ingredient or sintered preparation was originally
added to the glass melt. We are thus afforded a rare opportunity to
glimpse details of the production process through micro-
examination of the ﬁnished material. Given the small number of
samples analysed to date, the suggestions presented below are
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be tested and expanded upon.
The presenceof concentrated areas of silica inbothyellowopaque
samples analysed may indicate that the glass was held at an inter-
mediate temperature for an extended period of time so that some of
the silicawas able toovercome theviscosityof themelt andmayhave
produced crystals of tridymite, which forms at 867 C under certain
conditions. In order to allow the added preparation to be dispersed
throughout the pre-formed glass it would need to be held at
a temperature which would facilitate ﬂuidity in the glass to allow
mixing, a minimum of c. 600 C for a high lead glass or c. 800 C for
a soda-limeglasswith aviscosityof approximately 108 P inbothcases
(Brill, 1988; 279, Figs. 9-5) and presumably below the melting point
of a mixture of Pb and Sb oxides at 850 C (Shortland, 2002; 524).
If, as suggested, the larger inclusions within the samples of
yellow glass were not formed in situ there are two possible alter-
native explanations for the formation of these crystallites. The ﬁrst
is that they may have been added from a source containing both
lead and antimony (which may or may not have been pre-treated
prior to inclusion in the glass batch). The second is that they
were formed during a primary stage involving the sintering
together of separate lead and antimony containing ingredients.
The presence of Zn and S impurities in glass could result from
the use of galena (PbS) from the Red Sea coast with signiﬁcant
amounts of spheralite (ZnS) (see above), though ZnS is not exclusive
to this source of lead. The lack of compound peaks does not
invalidate this consideration. Ongoing ToF-SIMS work (particularly
the analysis of replica samples of antimonate-based glasses) will
have to reveal whether compound peaks should be expected when
these minerals are present e if indeed they remain intact after
manufacture of the glass. The co-location of Zn and S in opacifying
inclusions can be reasonably conﬁdently associated with the source
of Pb, Sb or both. In addition, BiO and BiO2 are also co-located
strongly with Pb and Sb species. As discussed above, Bi is prob-
ably related to the source of Sb and Pb compounds, and Bi is
a common impurity in Pb minerals. As noted above, one such
mineral, bindheimite (Pb2(Sb,Bi)2O6(O,OH)) also contains Sb and
has thus been suggested as a possible source of lead antimonate.
Bindheimite is known to occur in exploitable quantities in Italy
(Mineral Data Publishing, 2001e2005) and has also recently been
identiﬁed in lesser quantities in southeast Turkey, a result of surface
oxidation of listwaenite (Çolakoglu, 2009; 69). Galena was also
present. Bi, Zn and S can be encountered in ore deposits containing
Pb and Sb, and such deposits show a remarkable degree of
heterogeneity in nature, so sampling and analysis of ores does not
always reveal the full range of compositional possibilities (and the
modern idea of what may be counted as an exploitable deposit
differs from the ancient). Indeed, the study of south-eastern Turkish
occurrence of bindheimite (Çolakoglu, 2009) indicates that Zn and
S were also present in the same deposits, so theymay be indicative
of the source of both Pb and Sb.
It is also possible, however, that a mineral source of Sb (whether
or not it contained Pb) was sintered alongwith an additional source
Pb. Quantitative EPMA conducted on the yellow opaque glass from
Amarna indicates that this contains a higher proportion of lead
thanwould be accounted for by the simple addition of bindheimite
or the sintering together of separate Pb and Sb sources: it was found
to contain 5.96% PbO but only 0.86% Sb2O5, a ratio of 6.9:1, and the
average ratio of PbO to Sb2O5 for contemporary opaque yellow
Egyptian glasses was 7.7:1 (Duckworth, 2011; 151). A similar idea
has previously been suggested by Shortland (2002, 523). The use of
two sources of Pb, one of which also contained Sb, could also
account for the slight discrepancy between Pb isotope results for
opaque yellow glasses and those for known Egyptian Pb sources at
Gebel Zeit on the Red Sea Coast (Shortland, 2002; 524): the isotopicsignatures would have been slightly modiﬁed by the smaller
quantity of additional Pb from a different geological source. Given
the presence of Bi in the samples analysed, bindheimite is one
candidate for this second source.
Finally, it is noted that the detection of low levels of As, pref-
erentially concentrated in the matrix of the opaque yellow glasses,
highlights the importance of detailed chemical mapping such as
that provided by ToF-SIMS in the study of opaciﬁed glasses. If
further ToF-SIMS work shows it to be associated with the matrix
rather than the inclusions as in the samples presented here,
previous suggestions that opaque yellow and white glasses might
have beenmadewith the same source of Sbmay need to be revised.
Now that the method and procedure have been ﬁrmly estab-
lished, future studies using ToF-SIMS in our laboratories can focus
on the analysis of a larger number of samples. It is suggested that
this will be particularly fruitful for the investigation of lead-
antimonate opaciﬁed yellow glasses. Additional analysis of
a range of minerals from different locations and of synthesised
glasses produced under laboratory conditions will also allow more
precise determinations to be made regarding the additives used
and the temperature and time factors involved in production,
particularly with regard to the addition of colouranteopaciﬁers and
the degree to which these are dissolved into the surrounding glass
matrix. The analysis of synthesised glass via high resolution tech-
niques (including ToF-SIMS and others such as TEM)will prove help
to provide long sought-after answers to questions regarding the
production technology of ancient glasses, including that of what
form e and at what stage of the production process e opaciﬁers
were added.
In any case, the results presented above indicate that the true
picture of early glass production may be rather more involved than
is usually accounted for and approaches the level of complexity that
is described in the cuneiform texts that concern the production of
vitreous materials in (Late) Bronze Age Mesopotamia (Oppenheim
et al., 1970). Such complexity is also suggested by recent research
on glass from Amarna, where it is likely that primary glass
production occurred in two or more stages, with colourants added
to pre-formed glasses (Smirniou and Rehren, 2011). Given the
paucity of known sites of primary production of any colour of glass,
the colouranteopaciﬁers used to produce opaque yellow glasses
may provide some of the only clues to this complexity, as they e
unlike the vast majority of ingredients added to glass e are not
homogenised into the ﬁnal glass melt but retain some of their
original chemical conﬁguration and internal distribution. Further-
more, the potential for determining the origin of the opacifying
minerals, through comparison with SIMS data of minerals, may
ultimately provide a provenance for them.
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